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Factors INFLUENCING PrRODUCTIVITY OF LAKES

By IaN A. E. BayLy
Department of Zoology, Monash University, Clayten, Victoria 3168

Summary

A number of important inverse hyperbolic relationships exist between the standing crop
and productivity of lacustrine biological communities, and mean depth. It is possible that the
basis of this relationship is the association of deep lakes with areas of severe relief and high
rates of erosion; severe erosion corresponds with low productivity, and subdued erosion with
high productivity.

Phosphorus, nitrogen, molybdenum and cobalt are all important in productivity and may
exert a limiting or stimulating effect. B

The availability of carbon in one or other of several different forms (CO;, HCOQ; CO;3,
and dissolved organic matter) has a significant influence on productivity. The importance of
dissolved organic matter as a source of carbon should not be overlooked especially in dilute,
bicarbonate-poor waters.

The rate of water renewal has a significant influence on planktonic productivity. Plank-
tonic and benthonic productivity should probably be considered separately—we may not be
justified in speaking simply of lake productivity.

(a) Morphology
. The biological charactcristics of a lake, including productivity, are strongly
influenced by the morphology of the lake basin. Several important relationships
exist between the standing crop and productivity of lacustrine biological communi-
ties, and mean depth (Rawson 1955).

Many of you here are not biologists so I should pause briefly to explain thc
distinction between standing crop and productivity. By standing crop I mean the
amount of living material or biomass existing at a given instant of time in a unit
volume or arca. This is a highly variable quantity; if we visited a lake at the time
of a phytoplankton bloom, perhaps in spring or autumn, we would obtain a much
higher value for the standing crop of plankton than if our visit had been in winter
when no bloom was present. However, if we made rcgular determinations of stand-
ing crop at two-weekly or thrce-weekly intervals throughout the year we could
ascertain a useful average value. Productivity refers to the total amount of living
Mmatter produced within a unit area or volume during a ccrtain period of time and
18 thus a rate. Sometimes the period of time is a year, when we rcfer to annual
productivity. Sometimes we speak in terms of the number of milligrams of carbon
fixed per day. Many communities that have a high productivity are also character-
1zed by high mean standing crops, but this is by no means universally the case.

Returning to the influence of mean depth on standing crops and productivity
We may note firstly that the mean standing crop of plankton expressed as numbers
or biomass per unit volume dccrcascs with increasing mean depth in a hyperbolic
manner as shown in Fig. 1(a). It is quite possible for an apprcciable crop of plank-
ton to occur in an extremely dccp lake, and this is the mcaning of the ‘K’ term
appcaring in the equation in Fig. 1(a). This figure is not truc of the mean crop of
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surfacc area. Considered in this unit therc may be very little
differencc between the planktonic crops or progiuctlvity of decp and shallow lakes.
There is simply greatcr dilution of the planktonic matcrial in the dccper lake. Raw-
son (1955) claimed a hyperbolic relationship §v1th rcspect to arca-based mean
standing crop. However, “f two somewhat peculiar lakes are eliminated from his
plot the relationship is only very doubtfully hyperbolic. The conscnsus is that plank-
tonic crops expressed in these terms are not clcarly or easily rclated to depth.

Fig. 1(a) will also suffice to show the type of relationship between fish product-
ivity and mean depth. As before there is a ‘K’ in the equation implying a small but

significant production cven in very deep lakes. This may bc intcrprcted as pro-
ductivity based on pure]y.p]anktomc fceding from the open watcr rcgion. The
relationship betweent standing crop Of'ﬁSl.l and mean depth can probably also be
represcnted by an hyperbola. However, information on standing crop is lacking
except for very small lakes, and most of the uscful data dcrives from long-term
productivity assesscd from commcr01a] activity. Sincc we have no inland fishery of
much commercial significance 11 Australia, such data is derived from overseas, and
especially from the i aurentian Great Lakes. )

Fig. 1(b) is also a reasonablc gencralization

An hyperbola such as that shown in Fig n:
of the relationship betwcen the mean standing crop of bottom-living organisms and
mean depth. On this occasion ‘K’ is climinated from the equation, implying that in

an infinitely decp lake, if such could exist, there would be a zero crop of bottom-
living creatures. In deep lakes with vertical sides, such as Blue Lake at Mt Gam-
bicr, this may not bc far from the truth. It shoul_cl pc po!ntcd out that the sort of
relationship shown in Fig. 1(b) may hold only _W“hm a given lake district; if lakes
from various parts of the world, or cven from different districts of the same country,
are considered together this relationship may be obscured because of diffcrences in
limate and soil. Although Deevey (1941) and Hayes (1957) doubted the exist-
ence of the sort of rclationship shown in Fig. 1(b), Deevey (unpublished paper
delivered to thc AIBS in East Lansing in 1955, and personal communications
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1967) now agrees that the sort of relationship between bottom erops and mean
depth shown by Rawson (1955) is valid for eireumseribed lake districts.

The supply of nutrients to a lake is associatcd with the formation of soils in the
catchment arca and the extent to which they are leached (Mackereth 1966). Thus
the potcntial productivity of a lake is influenced by the relative importance of
erosion and leaching of soils. A high rate of erosion prevents the produetion of
soils and brings about the deposition of nutrient clements still ineorporated in
mineral particles in bottom sediments where they are unavailable to lake organ-
isms. Gentle erosion, on the other hand, allows the accumulation of soil in which
mineral particles arc held in a state that permits leaching to bring the nutrients into
solution in a form that is biologically available. A period of severe erosion thus
corresponds with low productivity, and subdued erosion with high productivity.
Given a particular climate, the productivity of a lakc would be partially determined
by the topography of the catchment area, since this largely determines its crosional
features. It is thus possiblc that the basis for the inverse relationship between
productivity and mean depth is the association of deep lakes with areas of severe
relief and high rate of erosion. Shallow lakes are usually found in the flat or rolling
country of a mature landscape, whereas deep ones are frequently associated with
rugged and broken eountry.

(b) Phosphorus

Phosphorus is an important constituent of protcins including DNA, and of ADP
and ATP which play key roles in encrgy transfer in biologieal systems. It is eom-
monly regarded as being more important in determining the amount of living mat-
erial in a lake than any other single factor (Hutchinson 1957). However, the
existenec of other almost cqually important factors should not be overlooked.

The majority of unpolluted lakes contain from 10 to 40 mg/m® of total phos-
phorus in their surface waters. Where scwage or an appreciable amount of agri-
eultural drainagc cnters a lake, much higher values for total phosphorus are found,
and this is supposed to be the most significant factor contributing to the excessive
eutrophy that usually charaeterizes such lakes.

It is worth pointing out that the addition of phosphate to a lake is probably also
equivalent to an addition of nitratc, since phosphate is a nutrient for nitrogen-fixing
organisms such as blue-grcen algae.

(c) Nitrogen

Nitrogen is an important constitucnt of a wide variety of organic compounds
and is especially important in the polypeptide linkage on which the formation of
proteins 1s depcndent.

Some nitrate and ammonium nitrogen are present in the atmospherc, and are
washcd down in small quantitics in rain-water. Lightning now appcars not to be of
importance in forming nitric acid. Apprcciable amounts of nitrogen are fixed in the
soil by nitrogen-assimilating bacteria, 21d this not only becomes available for
terrestrial plants, but may be leached out of the soils of eatchment areas into lakes.
In addition, nitrogen-fixing bacteria and bluc-green algac are active within the water
itself.

From the proteins of living organisms the main decomposition product is
ammonia, but in the presencc of oxygen this is quickly converted into nitrate by
bacteria. Thus in high-oxygen waters unpollutcd by human activity, nitrogen is
present almost entirely as nitrate and typically in amounts of less than 1 mg/l. In
cutrophic lakes, howcvcer, the amount of nitrate present is often in excess of 1 mg/l,
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(d) Molybdenum and Cobalt

Molybdenum and cobalt arc essential constituents of quite a large number of
enzyme systems. Molybdenum plays a part in the formation of the enzyme nitrate
reductase and is involved in nitrogen fixation. Cobalt is involved in several enzyme
systems, and is an essential element in the vitamin By or cyanocobalamine molecule.

It is known that the amount of molybdenum and cobalt may limit primary
productivity sincc _their addition to certain lake waters stimulates photosynthesis
(**C measurement) inin situ cultures. Goldman (1964) demonstrated this in several
lakes in the South Island of New Zealand, and the same is very probably true of
many lakes in Tasmania.

On occasion zinc, iron, and manganese can also play a limiting role in primary
productivity.

(e) Calcium and the Availability of Carbon
The following classification of lakes on the basis of calcium content has been

proposed (Ohle 1934):
< 10 mg/1 Ca Poor 10-25 mg/1 Ca  Medium >25mg/l Ca Rich

Some limnologists havc tended to assume that calcium content has a major
bearing on lake productivity, and have used these designations as if the wilzre
productivity terms. The importance of calcium as a limiting factor for fres,);lwatcr
organisms that sccrete relatively largc amounts of calcium carbonate scems to have
been adequately shown. Thus bivalve molluscs are characteristic of hard waters with
more than about 20 mg/!1 of calcium, but arc scarce or absent in soft waters with
less than about 10 mg/l. It sccms, however, that there has been an un‘justiﬁable
application of this finding to other groups of animals, for example Crustacea, and
from bottom-dwellers to plankton and fish. The inability of freshwater crust;lz:eans
to satisfy their calcium rcquirements when only small amounts are present in the
water does not scem to have been adequately demonstrated (Bayly 1964)

Much attention has been paid to the distribution and abundance of highér fresh-
water crustaceans such as amphipods in relation to calcium. Significant correlations
between calcium concentration and the presence or absence of these animals have
becn obtained. However, since there is a high positive correlation between calciu
and bicarbonate in dilutc inland waters, similar correlations could also havc‘: bcén
obtained with carbonate. In view of the well-established importance of carbon 12
photosynthesis, and as a basis for organic compounds, it is somewhat surprisi
that bicarbonate has not been stressed as much, if not more, than calcium I[r)ldelclllg
in the case of planktonic crustaceans there is some cvidence that carbonate and
bicarbonate more significantly affect abundance than does calcium (Bayl ‘1964)
Certain alkaline lakes that contain high population densitics of p]anktoni)c/: crusta-
conns contain large amounts of carbonate and bicarbonate but very little calciS 0
1t seems perfectly reasonable to thin}c that large amounts of (bi-)carbonate incn;l o
phytoplankton productivity by providing an almost unlimited supply of half-b asg
carbon dioxide for photosynthesis. In such cases (bi-)carbonate can be con -(;)und
as having an important indirect cflect on planktonic crustacean abundance especi
ally herbivorous specics. ot ,  peer

Tt is not always appreciated that in very low salinity wate
much, or even more, carbon may be present in dissa]de org:rjlic(:<malt(t)<g 1?1%/8 I\z/lls
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below) as in the form of earbon dioxide and bicarbonate. This, however, cnables
us to understand thc observation that in a series of dilute, biearbonate-poor lakes
varying from clear to dark brown in colour, the abundance of zooplankton is usually
greatest in the darkest of the series (Bayly 1964). This is presumably so because
of the greater supply of earbon in the lattcr. The zooplankton in these humified,
bicarbonate-poor lakes may be largely independent of phytoplankton for a source
of earbon. There is inereasing evidenee that highly humified waters are eharacterized
by large population densities of baeteria, and that these are of major importanee in
eonverting soluble organic matter into eell substanee which is then directly available
as food for zooplankton.

There seems justifieation for the vicw that the availability of earbon, which
might bc represented in total as [CO. + (HCO; 4 CO3) +(C in D.O.M.)] is
significant in lake productivity, and morc so than is calcium.

(f) Salinity or Total Dissolved Solids (T.D.S)

Some limnologists (Rawson 1951, Larkin and Northcote 1958) have pointed
out that there is a eorrelation betwecn productivity and salinity. Basis for this is
probably a signifieant positive eorrclation between T.D.S. and eertain individual
clements that have a more fundamental bearing on productivity. It is very doubtful
whether salinity per se has any fundamental influenee on productivity. Nevertheless
salinity or T.D.S is fairly casily determined and may be a useful index of product-
ivity wherc more fundamental data are laeking. In many eountries, though not so
strikingly in Australia, there is a tendeney for high carbonatc and bicarbonate
values to be associated with high salinity. This being so it would scem that onc of
the important bases of correlation between T.D.S and productivity is the availability
of carbon already discussed. ,

(g2) Water Renewal

The signifieanec of water renewal in a lake will depend on the volume of the
lake, the area of the drainage basin, and the amount of rainfall on this arca. It will
obviously be greatest in a small shallow lake with a largc drainage basin receiving
high rainfall, becoming less significant the bigger the lake and the smaller the drain-
age basin and rainfall.

Brook and Woodward (1956) defined, as an index of the rate of water renewal,
a replacement quotient. This is the volume of water contained in a lake, divided by
the amount of water passing out of it during one day. Thesc workers showed that
where the rate of water renewal is low, planktonie population densitics tend to be
high and stable, and vicc versa. Ravcra and Tonolli (1956), using the less accurate
ratio (area of drainage basin): (area of lake), have observed also that as the rate
of water rencwal inereases the planktonie productivity of a lake deereases.

In discussing calcium above I warned against extrapolating from benthonic to
planktenic and ncktonic eommunities. Similarly, it is elear that water rencwal has
a more profound influenee on plankton than benthos because outflowing water is
likely to be morc destructive to drifters than to bottom-dwellers, 1t would seem,
therefore, that we are not eompletely justificd in speaking of lake produetivity as if
it were monolithic. To be rigorous wc should consider planktonic and benthonie
Produetivity separatcly, although the corrclation between ‘the two s probably high.

Addendum

_ During the discussion that followcd the presentation of this paper one questioner
Pointed out that pH influenced the utilization of molybdenum by blue-green algae
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and another suggested that pH might have been mentioned as a factor influencing
produetivity. In reply I pointed out that Hutchinson (1941) doubted whether it
had been satisfactorily demonstrated that pH per se has any influence on the natural
abundance of any aquatic animal with the possible cxception of a single protozoan
speeies (Spirostormum ambiguum).
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